Wood plastic composite with high modulus and impact strength were manufactured by combining polyethylene (PE) or polypropylene (PP) with wood fiber (WF) using twin-screw extruder techniques. The advantage of using low melt viscosity polymer matrices is that it enhances the modulus and reduces the overall viscosity of the system. SEM analysis of the composites indicates that the polymer molecules penetrate into the vessels and cracks of the cellulose fiber, which decreases the number of voids and produces a higher density composite with improved mechanical performance. The addition of maleic anhydride-grafted polyolefin as a compatibilizer improves the level of adhesion between the wood fiber and the polyolefin matrix. The impact strength of the composites with compatibilizer is 60% higher than those without. Young's moduli of WF/PE and WF/PP with compatibilizer were 4.4 and 5.4 GPa, respectively, meanwhile the impact strengths of WF/PE and WF/PP were 44 and 24 J/m, where the WF content was 50wt%.
INTRODUCTION
N ATURAL FIBERS AS a renewable resource are receiving increased attention due to environmental protection issues. Many natural fibers, such as sisal, jute, wood fiber, sugarcane, wheat, and, flax straw fiber can be used as fillers to improve mechanical properties and reduce the shrinkage of materials [1] [2] [3] [4] [5] . Wood plastic composites (WPCs) are becoming Journal of THERMOPLASTIC COMPOSITE MATERIALS, Vol. 21-May 2008 important materials in industry, due to their sustainable resource, low cost, and recyclability [6] [7] [8] [9] [10] [11] [12] . Since the interfacial strength between wood fiber (polar-hydrophilic material)) and polyolefin (non-polar-hydrophobic plastics) is poor, it is necessary to add a compatibilizer (coupling agent) to improve the bonding strength between wood fiber and the polymer matrix. Many researches have been done on improving the interface between wood fiber and polymer. One of the most useful coupling agents for WPC is maleic anhydride-grafted polymer [13] [14] [15] [16] [17] [18] .
The tensile and flexural modulus of WPC increased with the volume of wood fiber present in the composite [8, 10] . However, high contents of the wood fiber leads to difficulty in compounding and injection-molding processing due to high melt viscosity of the composite. Although the melt viscosity of WPC can be reduced by increasing process temperature, the degradation of wood fiber at temperatures of 2008C limits the elevation temperature in the processing stage [3, 8, 19] . As high molecular weight polymer matrix results in high tensile and impact strength for artificial fiber reinforced composites [20] , most of WPCs were made from high or intermediately high melt viscosity polymer matrices in published papers [7, 14] . However, the high processing temperatures used to overcome the high melt viscosity of WPC caused degradation of the wood fiber. As a result, the overall mechanical properties of WPCs were decreased [7] .
In this paper, low melt viscosity grades of polyethylene (PE) and polypropylene (PP) were used to compound with wood fiber. The melt viscosity of the composites was reduced and degradation free composites were obtained. Furthermore, low melt viscosity polymer penetrated into the vessels and cracks of wood fiber to form an effective physical interlock between wood fiber and polymer. A high-density and high-modulus wood plastic composite was produced. The morphology of WPCs were analysed using SEM.
EXPERIMENTAL DETAILS

Raw Materials
High density polyethylene (HDPE) and PPs were purchased from Qenos Pty. Ltd in Australia. The mechanical and flow properties of the used polyolefin are measured from virgin materials ( Table 1) . Maleic anhydridegrafted polyethylene (MAPE, Fusabond MB 100D, Dupont) and maleic anhydride-grafted polypropylene (MAPP, Aldrich) were used as coupling agents. The maleic anhydride contents were 0.9wt% for PE and PP. An amount of 3wt% MAPE or MAPP were mixed with polymer matrix before feeding into the extruder.
Three grades of maple wood fibers (AWF2010, 4010, and 8010) with different particle size distributions ( Table 2) were supplied by American Wood Fibers (AWF).
Processing
The wood fiber and polymer matrix were compounded using a HAAKE twin-screw extruder (model 557-5052). The diameter of the screws was 25 mm and the ratio of length to diameter was 36. The screw configuration is shown in Figure 1 . The compounding temperature for WF/PE and WF/PP was set at 150 and 1808C, respectively. The screw rotation speed was set at 80 rotations per minute. The wood fiber was dried in an oven at 1108C for 12 h prior to compounding. The wood fiber and polymer were fed into the extruder through two separated hoppers. A vibrating hopper was used for wood fiber to smoothen the feeding process. The extruded composites were cooled in a water bath, and then chopped by a blender. Sample used for the mechanical property test was manufactured using an injection-molding machine (Battenfeld type 800/315 CDC) after the compounded composites were dried at 708C for 12 h. 
Mechanical Property Tests
The tensile properties of composites were evaluated using an Instron universal test machine 5569 according to ASTM D638-97, sample type III. The cross-head speed was 1.0 mm/min. The flexural properties of WPCs were tested using the same Instron machine according to ASTM D790. The specimen length was 80 mm with a support span of 50 mm. The compression speed was 1.3 mm/min.
The impact strengths of the composites were tested using the Izod impact method according to ASTM D256 with an instrumented impact tester (Radmana ITR2000). The samples were notched and tested at room temperature and impacted at a speed of 3.3 m/s. The mean value was obtained from 10 tested samples.
Characterization and Analysis
The flow properties of the WPCs were characterized by the melt flow index (MFI) using a Davenport MFI machine (model MFI 10) according to ASTM D 1238. The measured temperature was 190 and 2308C for PE and PP, respectively, and the compression weight was 2.16 kg. The material was preheated for 6 min before testing. The flowed sample was weighed using a balance. A mean value was obtained from at least five tested samples.
The density of WPC was measured using a balance by weighing the sample in the air and in distilled water. The density was calculated using the following equation:
The microstructures of the composites fracture surfaces were analysed using a SEM (Leica 360FE) at low voltage (2 kV). The fracture surfaces were produced under liquid nitrogen or fractured with impact at room temperature.
RESULTS AND DISCUSSIONS
Penetration of Polymer into WF
It is well known that the mechanical properties of polymer composites depend on polymer matrix, reinforcing filler, surface chemistries between components and processing conditions. The morphology and surface conditions of wood fiber is different from artificial fibers such as glass fiber and carbon fiber, as wood fiber is a natural material and therefore its microstructure contains a lot of vessels (used for transportation of water and nitrite during the growth of the plant). Many cracks were formed during the WF milling process. Figure 2 (a) and (b) showed the vessels and cracks morphologies in the wood fiber. These vessels or cracks were filled by polymer molecules during the compounding processing to form physical interlocks or physical bonds (Figure 2 (c) and (d)). Although the density of maple wood is 0.689-0.755 g/cm 3 [21] and HDPE is 0.95 g/cm 3 , the density of WF/HDPE composite at 50wt% wood content was 1.108 g/cm 3 . The high density of WPC signified that polymer had penetrated into the wood fibers.
Mechanical Properties of WPCS without Coupling Agent
Since the penetration of polymer into the WF is the critical issue to determine the mechanical properties of WPCs, three kinds of HDPE and two kinds of PP with different melt viscosities were used to study the penetration effect. It can be understood that low melt viscosity polymer can penetrate deeper into the vessels and fine cracks than high melt viscosity polymer. The more the voids of WF were filled with polymer, the better the mechanical properties of WPC. At the same WF content (50wt%), the increase in tensile and flexural modulus for HD0490 (MFI ¼ 3.9 g/10 min), HD2090 (MFI ¼ 15.7 g/10 min) and HD3690 (MFI ¼ 31.6/10 min) were 380, 500, 500%, and 232, 244, 252%, respectively, compared with neat polymer (Table 3 ). Similar results had been obtained using PP matrix. At the 50wt% WF loading, the tensile modulus and fracture modulus of PPV (MFI ¼ 25.5 g/10 min) increased by 139 and 121%; while PPW (MFI ¼ 42.2 g/10 min) increased by 217 and 218% compared with neat PP. These results indicated that low melt viscosity polymers had a larger increase in both tensile and flexural modulus due to the penetrating effect. On the other hand, the tensile strength and impact strength of WF/PE decreased with increasing melt viscosity of polymer. The possible reason is that low melt viscosity polymer has smaller molecular weight and less entanglement between polymer molecules than high melt viscosity polymer [7] .
Effect of Coupling Agent
Since wood fiber is a hydrophilic material and polyolefin is a hydrophobic material, the bond between wood fiber and polymer is very weak. To improve the interface bonding strength, MAPE or MAPP was added into the WPCs, as a coupling agent. Since the mechanical properties of MAPE and MAPP were different melt used polymer matrices, the polymer blend PE/MAPE and PP/MAPP were investigated as a benchmark. The tensile, flexural and impact properties of polymer matrices decreased slightly after it was blended with 3wt% MAPE or MAPP ( Table 4 ). The main reasons were that addition of MAPE or MAPP into neat polymer resulted in a decrease in crystallites of materials [22] .
The effect of coupling agent for the WPCs was studied using 3wt% MAPE or MAPP at WF content of 50wt%. Comparing the mechanical properties of WPCs without coupling agent (Table 3 ) and with coupling agent (Table 5) , the tensile and flexural modulus of WPCs with coupling agent is a slightly higher than that without coupling agent, except the HDPE0490, since HDPE0490 (MFI ¼ 3.9 g/10 min) had high melt viscosity, which led to less polymer penetration into WF. In contrast, the tensile strength and impact strength of WPCs with coupling were significantly Similarly WPCs based on PE, the flexural and tensile properties of WPCs based on PPV1780 with coupling agent were higher than that without coupling agent. The impact strength of WF/PP composite with coupling agent increased marginally after the addition of MAPP. The flexural modulus and tensile modulus of WPCs based on PPW1780 with MAPP were almost same value compared with WPCs without MAPE. However, the tensile strength of PPW1780 with MAPP is clearly higher (50% more) than that without MAPP, due to the improvement of interface bonding strength.
The image of fracture surfaces of WF/PE composite without MAPE showed the surface of WF to be very smooth, which indicated poor bonding between polymer and wood fiber. The dominant fracture mechanisms were debonding and fiber pull-out (Figure 3(a) ). On the other hand, the image of the fractured surfaces of WF/PE with MAPE showed the surface of WFs to be very rough with an amount of polymer molecules attached to the WF surface (Figure 3(b) ). No debonding happened between the wood fiber and polymer matrix in WF/PE with coupling agent. WF/PP composites had similar fracture morphology. WF/PP without MAPP has poor bonding between WF and polymer so that many dry fibers were. (Figure 3(c) ). After addition of MAPP, the interface bonding strength of WPCs has been improved (Figure 3(d) ). A lot of polymers had attached onto the surface of WF, and fiber fracture was the main fracture mechanism instead of fiber pull out.
Effect of Fiber Size
Since used wood fibers were produced by mechanical milling, each grade of wood fiber had a different size distribution ( Table 2 ). The effect of wood size was studied using three different wood fibers compounded with PE (HD2090) and PP (PPV1780) with and without coupling agent. The melt viscosities were very similar for both WF/PE and WF/PP with wood fibers average length of 100 and 250 mm, (Table 6 ). However, the melt viscosity of WF/PE and WF/PP with the wood fiber average length of 400 mm was dramatically increased. The MFI of WPCs with long WF could not be measured at the same condition because the melt viscosity was too high to flow out. The mechanical properties of short syntheses fiber reinforced thermoplastic composite depend on the fiber aspect ratio (fiber length/diameter). Long fiber had better reinforced effect for polymer composites [23] . However, wood fiber, unlike glass or carbon fiber, contains a lot of vessels and cracks. Increasing the length of the wood fiber made it more difficult for polymer molecules to fully penetrate into the vessels of wood fiber. The WPCs had more empty voids remaining in WPCs with long WF than that with short WF. The presence of empty voids in the longer wood fiber composites was evaluated by the measurement of the density of WPCs. When the average wood fiber length increased from 100 to 400 mm, the density of WF/HDPE decreased from 1.133 to 1.082 g/cm 3 .
The mechanical properties of WPC decreased with increasing length of the wood fiber (Table 6 ). When the average length of the wood fiber increased from 100 to 400 mm, the tensile strength and modulus of WF/PE with and without MAPE decreased from 23 to15% and from 16 to 18%, respectively. The WF/PP composites showed the same tendency as WF/HDPE. The tensile strength and modulus of WF/PP composites with coupling agent were decreased by 20 and 10%, respectively. The flexural modulus of the WF/PP also decreased from 10 to 20% when the fiber length increased from 100 to 400 mm.
The impact strength of WPCs without coupling agent increased with wood fiber length. Since the fracture mechanism of WF/PE without coupling agent was fiber pull out, more energy was needed to pull out the long fiber than short fiber. The fracture surface of different length of wood fiber PE without coupling agent was shown in Figure 4 (a)-(c). The fibers surfaces are clean and de-bonding with the polymer matrix. The longer the WF, the more rough the fracture surface, due to the fiber pulled out. On the other hand, the impact strength of WF/PE with MAPE was almost same value. Since the fracture mechanism is fiber fracture instead of fiber pull out, due to the strong bonding between WF and polymer matrix, the length of WF has a few effects on the impact strength of WF/PE with coupling agent.
Effect of Wood Fiber Loading
High wood content in WPCs resulted in high modulus of materials (Table 7) . A negative result of increasing WF content was that the melt viscosity of WPCs increased as well. This led to difficulty in processing. In this work, low melt viscosity of polymer matrices were used, with melt viscosity of the WPCs still located in the convenient range for processing methods such as compounding and injection molding, even at 50wt% wood fiber content. The tensile and flexural modulus of HD2090 at 50wt% wood fiber content without MAPE increased 600 and 300% compared with neat the HD2090 matrix (Table 5) , respectively. On the other hand, the tensile strength of WF/HD2090 at 50wt% wood fiber content without MAPE dropped 40%, since high content of WF led to an increase in the melt viscosity of composite and the difficulty of wetting of WF by polymer matrix. The bonding strength between WF and polymer is weak, due to the dry fiber, which lead to decrease in the tensile strength of composite. The impact strength of WF/PE (HD2090) first increased up to a 20wt% loading of WF and then decreased. The main reason for the decrease in tensile and impact strength at high WF loadings is due to the poor bonding between WF and polymer matrix. The tensile and flexural modulus WF/HDPE (HD2090) at 50wt% fiber content with 3wt% MAPE increased 660 and 360% compared with neat HDPE. The tensile strength of WF/HDPE with MAPE increased with WF content until 47.5% at the WF loading of 40wt%. Further addition of WF led to a rapid drop in the tensile strength. Impact strength of WF/HDPE with MAPE increased with the WF content too.
The tensile and flexural modulus of WF/PP composite with 3wt% MAPP increased with the WF content until 330 and 220% in the WF content of 50wt%, compared to the neat PP. The tensile strength decreased 15%, due to addition of 3wt% low molecular weight MAPP, which was independent of the content of WF. The impact strength of WF/PP with MAPP increased with WF content, since more energy was required to break the wood fiber during the fracture. Impact strength of WF/PP with MAPP increased with WF content until 40% at the content of 50wt% WF compared with neat PP.
CONCLUSIONS
High flexural modulus and impact strength WPCs have been manufactured using low melt viscosity PE and PP compounded with wood fiber. It was found that the polymer molecules have penetrated into the vessels and cracks of the wood fiber, which decreased the number of voids and increased the density of composites. The tensile and flexural modulus as well as impact strength was improved. It was shown that even if the wood fiber loading was as high as 50wt%, the melt flow viscosity of the composite was still suitable for most conventional injection and extrusion molding processes. The addition of a coupling agent was shown to improve bonding conditions and increase impact strength. Increasing the length of wood fiber was shown to cause a decrease in the flexural and tensile modulus and an increase in the melt viscosity of the composite.
